Electrocaloric response of the PMN-10PT is measured experimentally and compared with the numerical results. Based on the compatibility of the experimental and numerical results, feasibility of using ferroelectric materials as an electrothermal transducer has been investigated. In this study, electrocaloric response of three different ferroelectric capacitors (PMN-10PT, PMN-25PT, and PZN-4.5PT) under an applied periodic electric field have been investigated. Alternative switching of the electrocaloric elements with specific boundary conditions generates a directed heat flux. It can be concluded that each ferroelectric material can be used as a transducer in a special temperature range that in which it has good electrocaloric response.
Introduction
In the recent years, new types of refrigerators using dielectric materials as their working substance have been the centre of attention in several research fields. Electrocaloric effect (ECE) is the physical phenomenon that occurs in ferroelectric materials causing change in their temperature under applied electric field [1] [2] [3] [4] [5] . When electric field in the sample changes periodically, heat is released or absorbed due to the electrocaloric effect as well [1] . In other words, the exchanged heat is a function of the applied electric field. Indeed, the pyroelectric and electrocaloric effects may be seen as direct and inverse electrothermal conversion phenomenon. The ECE effect can be used for refrigeration, whereas the pyroelectric effect can be used for temperature/heat sensors/energy harvesting devices [2] . Energy conversion and electrocaloric effect have been actively studied in recent years with the aim of developing effective generators or cooling devices. Some simulation studies have been performed such as those in [6] [7] [8] [9] [10] [11] . Electrocaloric and the pyroelectric effects connect to the temperature dependence of induced polarization. A theoretical description of the thermopolarization effect was presented in [12] , where the appearance of a polarization is proportional to the temperature gradient. An opposite effect can be assumed; that is, appearance of a heat flux in the dielectric is proportional to the rate of polarization variations. Further, the relation of the electrocaloric effect to the remnant and induced polarization of a dielectric was studied by Marvan et al. [1] . The induced electric polarization by an external-bias electric field plays a similar role as spontaneous polarization. The electrocaloric effect is coupled with induced polarization by an AC electric field [13, 14] . Therefore to obtain a solid state cooling device, an effective thermodynamic cycle and the way of removing heat from the cooled object as well as the considerable magnitude of the electrocaloric effect in ferroelectric coolers are very important. In this paper, the electrocaloric characteristics of PMN-10PT ceramic are determined by direct measurements in an electric field with magnitude of 1 kV/mm at the room temperature and compared with the numerical results. Further, it is shown how these parameters contribute to the heat flux in a sample with selected boundary conditions and consequently the temperature reduction in one edge of the sample. The simulation results for the physical model of the different ferroelectric materials under an applied periodic electric field are presented. 
Thermodynamics of the Electrocaloric Elements
The thermodynamic equation of a ferroelectric material may be written as
where , , , and are the internal, electrical, mechanical, and thermal energies, respectively. Since no stress is applied to the sample, the term of mechanical energy from (1) can be eliminated. The electrical energy is
where is the electric field and is the electric displacement induction. Since is a function of and temperature , we have
From (1), the variations of internal energy are given by
Replacing the expression of the electrical energy in (4) gives the heat variations as follows:
The entropy is given by
It is an exact differential; then
where
Then, we have
From this we have
By replacing (10) in (5) and assuming that in any case
where is the thermal capacitance [15] the expression of is simplified to
The two distinct effects of pyroelectric and electrocaloric come from the writing of the electric displacement as
where is the remnant electric displacement and is the dielectric permittivity. As for a ferroelectric material ≈ [15] , (13) can be written as
where is the polarization and is the remnant polarization. Writing the differential of the induction and replacing it in (12) leads to
The term of ( / + / ) determines the quantity of the heat released (or absorbed) by a thermal electrocaloric source. The first term in the parenthesis is known as the pyroelectric effect (the quantity of / has the meaning of pyroelectric coefficient), whereas the second one is known as the electrocaloric effect (variations of the dielectric permittivity rather than temperature). In the following numerical simulations, the electrocaloric element is simply modeled by
where and are the mass density and thermal conductivity, respectively.
Experimental and Numerical Procedure
In this paper, at first the electrocaloric response of PMN-10PT material has been measured and calculated both experimentally and numerically to be compared with each other (Figure 2 ). The sample size is 10 × 10 × 1 mm 3 . Figure 1 (a) shows the experimental implementation of the sample. These results have been measured using a bipolar electric field with amplitude of 1 kV/mm at the temperature of 25 ∘ C. A rampwave voltage (Figure 2 ) generated by a HP33210A function generator was amplified by a Trek20/20A amplifier and then applied to the ceramic sample. The temperature of sample was measured by thermocouple. These results are reproduced using numerical simulation as shown in Figure 2 . The experimental and numerical results that correspond to the temperature variations at the heat exchanger ( = ) ends of Figure 1 under applied bipolar electric field pulses have been presented. The periodical switching (the applied periodic sequence of pulses to the ferroelectric capacitor) causes a periodic response in the electrocaloric element. It is observed that the experimental and numerical results agree and are Advances in Materials Science and Engineering 3 compatible with each other. Based on this compatibility, it can be concluded that the numerical results can be utilized to estimate the ECE response of other materials. Because of the dielectric susceptibility that determines the value of (15), it is advisable to use the ferroelectric ceramics with the highest value of / which is important for the electrocaloric heat transformers. Along with the materials revealing big electrocaloric effect, the effective thermodynamic cycle is also important. Then, in this study the PMN-10PT, PMN-25PT and PZN-4.5PT materials have been chosen, whose dielectric constants are rather sensitive to temperature variations. Physical characteristics of these materials are specified in Table 1 . In the numerical results, the temperature variations are only examined along the -axis (one-dimensional model). In this case, the temperature distribution ( , ) along each sample can be found by solving (16) , which satisfies the following initial and boundary conditions:
One boundary ( = 0) is thermally insulated, whereas the other boundary is held at a constant temperature end which is the environmental and initial temperature of the sample (Figure 1(b) ). model, which was used to describe the electrocaloric effect (ECE). It should be mentioned that end is 10 ∘ C for PMN-10PT, 170 ∘ C for PZN-4.5PT, and 120 ∘ C for PMN-25PT. To have a better electrocaloric response for these materials, these temperatures are selected. In fact, the slop of the Pr-T and --curves are maximum in these temperatures ( Figure 3 ). Therefore, each material is applicable in a specific range of temperature as a transducer or cooling device. In other words, each specific material should be used for special range of temperature (Figure 3 ∘ C have been extracted from [4] in which / = −0.012 C/(m 2 ⋅K) and / = 3.40725 × 10 −9 C/(m 3 ⋅V⋅K). The thermal capacitance and thermal conductivity of the materials are assumed to be constant. In this study, the length of the electrocaloric element was 1 mm (Figure 1(b) ). The numerical simulation of the model (16) was performed using the finite-difference algorithm. Figure 4 shows the applied electric field pulse to the electrocaloric elements. In this case, we want to reduce temperature by continuous switching of the electric field. Initially, electric field grows relatively fast and quickly switches from zero up to max (maximum value of the electric field) in an adiabatic thermal process. The rise time of this switching process is about 10 −12 s (interval 0 , 1 ), which implies that during this short period the electrocaloric element cannot change its temperature immediately. This interval corresponds to the charging of the capacitor and polarization of the ferroelectric. Electric field, which is now equal to max , is then kept on the EC element during the interval ( 1 , 2 ). Within this interval, the released heat during the charging of the capacitor spreads over the structure and the capacitor remains charged. After the moment 2 , the electric field is reduced to zero in an adiabatic thermal process ( 2 , 3 ). This interval corresponds to the discharging of the capacitor, which leads to the loosing of temperature. The next pulse is applied immediately to prevent the capacitor from turning back to its initial state, and the cycle is repeated continuously.
The frequency and the amplitude of the applied periodical electric field pulses are 1 Hz and 1 kV/mm, respectively. The periodical switching (the applied periodic sequence of the pulses to the ferroelectric capacitor) results a periodic cooling (heating) of the electrocaloric elements. This process leads to a redistribution of the temperature field along the structure (i.e., it leads to release or absorption of the thermal energy in the ferroelectric material). After a series of cycles in which the electric field was applied to the model, the temperature distribution between the insulated ( = 0) and the heat exchanger ( = ) ends of the EC element has been calculated. Figure 5 presents the numerical results of the temperature distribution along the sample length of Figure 1(b) . After a series of switching cycles (about 80 cycles), the system attains a steady-state temperature regime. The periodic temperature inhomogeneity due to these switching cycles is transferred into the sample which in turn generates a heat flux directed along the -axis of the structure. The heat flux is directed from the insulated end (left side) to the surroundings (right side), which leads to the heat removal or to a decrease in the temperature on the left side. These temperature variations due to the applied periodical electric field to the dielectric material are the bases of the electrocaloric effect. This figure also compares the temperature reduction along the sample length between the three different pyroelectric materials of PMN-10PT, PMN-25PT, and PZN-4.5PT, under their optimum temperatures. Optimum temperature is the one in which the electrocaloric response is maximum. The temperature reduction obtained by PZN-4.5PT is greater than others. This is, to a large extent, caused by / , which is higher in PZN-4.5PT compared with others. The value of the temperature reduction at the insulated end of the sample is about 5 degrees for the PMN-25PT at 120 ∘ C, 13.65 for the PZN-4.5PT at 170 ∘ C, and 1.3 degree for the PMN-10PT at 10 ∘ C.
Conclusions
This work presents electrocaloric response of the ferroelectric capacitor which can be used as a thermal transducer. It was shown that directed heat flux can be formed in electrocaloric elements. This can be done by periodically switching on the electrocaloric element that creates a temperature gradient which induces a heat flux. Numerical analysis exhibited that a temperature reduction of 5 degree for PMN-25PT at 120 ∘ C, 13.65 degree for PZN-4.5PT at 170 ∘ C, and 1.3 degree for PMN-10PT at 10 ∘ C at the insulated edge of the sample could be achieved. These results indicate that the power of the directed heat flux along the sample strongly depends on the type of the EC material. Also, it is concluded that each ferroelectric material can be used as a transducer in a special temperature range that in which it has good electrocaloric response.
